The oriental fruit ßy, Bactrocera dorsalis (Hendel), is an invasive pest that can develop in and damage a wide range of fruit hosts (Clarke et al. 2005) . The species originated in Asia but the exact ancestral region is not known. Indirect evidence suggests that the original source could be in Southeast Asia or the southern coast of China (Shi et al. 2012 ). The pest is currently distributed in an area spanning from India in the west, Vietnam in the southeast, and China in the north (Stephens et al. 2007 ). Invasive populations have established on many islands of the PaciÞc including Hawaii, French Polynesia, Japan, Nauru, Guam, and the NorthernMariana Islands (Stephens et al. 2007 ). Populations were successfully eradicated from several of these islands: Ryuku Islands, Guam, Nauru, and the Northern Mariana Islands (Stephens et al. 2007 , Ohno et al. 2009 ). The ßy has also been previously detected and eradicated in California and Florida (Weems et al. 2012 , U.S. Department of Agriculture [USDA] 2013). These detections are important because climatic models suggest that the southeastern United States would be an acceptable range for establishment of the pest (Stephens et al. 2007) .
As a result of its economic importance and history of introductions, molecular methods have been used to study population structure in the species and infer the source population of introductions or range expansions (Dai et al. 2004; Aketarawong et al. 2006 Aketarawong et al. , 2007 Aketarawong et al. , 2011 Liu et al. 2007; Shi et al. 2010 Shi et al. , 2012 Wan et al. 2011 Wan et al. , 2012 . For example, genetic results support the movement of oriental fruit ßy populations from southeastern Asia into Taiwan, western regions of Asia such as Bangladesh, and Hawaii (Aketarawong et al. 2007) . Although oriental fruit ßy populations on the Hawaiian Islands date back to the 1940s, no study has examined genetic diversity across those islands. Our current understanding of B. dorsalis diversity in Hawaii is limited to microsatellite (Aketarawong et al. 2007 ) and mitochondrial (Wan et al. 2012 ) data sets that were each generated from a single geographic site in Oahu. Even though the collection site used in the microsatellite study was sampled twice (in 2004 and 2006) , there are insufÞcient data from the publication to test population structure across the island. A diversity estimate derived from one site in Oahu may or may not be representative of other locations in Oahu and the other neighboring islands.
Measures of genetic diversity across the islands are needed to evaluate Hawaii as a possible geographic source of introductions in the continental United States or other areas currently free of the pest. The oriental fruit ßy has been collected in California nearly every year since 1966 (the only exceptions are 1968 and 2005) . This trend could reßect a high introduction rate and an established population in the state (Papadopoulos et al. 2013) . To develop effective ßy exclusion strategies, it is important to understand the likely pathways into California. No diagnostic tools are currently available to examine a Hawaii-to-California pathway for the oriental fruit ßy.
To improve our understanding of B. dorsalis genetic diversity and structure in Hawaii, we genotype ßy populations from four islands in the archipelago using DNA sequences of the mitochondrial cytochrome c oxidase subunit I (COI) gene. Multiple sites on each island are included in the study to compare diversity within and across islands. All ßies are analyzed using a 1,500-bp fragment of COI that includes the 5Ј end of the gene commonly used for DNA barcoding (Hebert et al. 2003 ) and the 3Ј end of the gene most often used for oriental fruit ßy genetic studies (e.g., Shi et al. 2012) . Although genetic estimates based on mitochondrial DNA can fail to estimate the true diversity within a species or population (Meiklejohn et al. 2007 , Sun et al. 2007 , mitochondrial DNA sequences provide useful information for evaluating population structure and distinguishing insect populations (Shi et al. 2005 , Barr 2009 , Tooman et al. 2011 . Accordingly, we use DNA sequences to 1) determine if each island lacks population structure (i.e., populations are genetically interchangeable on an island), 2) determine if the archipelago lacks population structure (i.e., populations are interchangeable across islands), and 3) characterize the level of genetic variation for these populations.
In addition to estimating Hawaiian diversity, we generate COI data for B. dorsalis complex ßies trapped in California from 2006 to 2012. The haplotypes of these ßies are compared with the Hawaiian haplotypes to determine if outbreaks in California can be explained by an introduction pathway that originated in Hawaii. Because sequencing large DNA fragments can be expensive for diagnostic programs, we also examine if protocols using shorter (Ͻ800 bp) fragments within the 1,500-bp locus can yield diagnostic information appropriate for pathway analysis of the pest.
In a recent study, Papadopoulos et al. (2013) proposed that the presence of a common genotype in Mediterranean fruit ßies [Ceratitis capitata (Wiedemann)] trapped in California over time is evidence of an established population in the state. In that same study, the authors claim that B. dorsalis is also established in California but provide no genetic information for comparison. We evaluate our COI data according to this model to determine if a similar pattern is observed for this exotic pest. (Clarke et al. 2005 , Krosch et al. 2013 . As a consequence, the 165 ßies captured in California were identiÞed as B. dorsalis s.l., the oriental fruit ßy complex. Molecular methods of identiÞcation are currently not available to discriminate these species (Armstrong and Ball 2005 , Clarke et al. 2005 , Armstrong 2010 ) and recent studies suggest they are synonyms (Tan et al. 2011 (Tan et al. , 2013 Khamis et al. 2012; Schutze et al. 2012a,b; Frey et al. 2013; Krosch et al. 2013; San Jose et al. 2013; Boykin et al. 2014) . In contrast to the California ßies, the 1,061 Hawaiian samples were identiÞed as B. dorsalis s.s. by L.L. based on prior records of this species in Hawaii and genitalia measurements consistent with populations in southern China.
Materials and Methods

Materials and
All samples were stored in 95% ethanol before genetic analysis. All DNA work was performed on one leg that was removed from a specimen. The remaining ßy body was stored as a morphological voucher of the DNA isolate.
DNA Isolation, Polymerase Chain Reaction (PCR), and Sequencing of the COI Gene. DNA was extracted from a leg taken from each Hawaiian specimen using the KingFisher Flex model 711 (ThermoFisher ScientiÞc Inc., San Jose, CA) 96-well plate-based magnetic bead extraction instrument and InviMag Tissue DNA Mini Kit/KF96 (STRATEC Molecular, Berlin, Germany). Each leg was placed in a solution containing 400 l of InviMag lysis buffer and 25 l of proteinase K, then treated in a ultrasonic water bath (medium setting, Lab Companion UC-10, Shanghai, China) at 56ЊC for 30min, and then incubated at room temperature for 2 h. The lysates were transferred to a new plate containing 200 l of Binding Buffer T (InviMag, Invitek GmbH, Berlin, Germany) and 20 l of magnetic beads (MAP Solution A, InviMag) per well and placed into the KingFisher Flex. Three washes were performed using 800 l of InviMag Wash Buffer followed by elution in 200 l of InviMag Elution Buffer D. The KingFisher program Þle for DNA extractions included the following steps: 1) binding step at 50ЊC for 5 min (fast speed), 2) three washing steps at 50ЊC for 1.5 min each, 3) drying step at 70ЊC for 5 min, and 4) elution step at 70ЊC for 15 min (slow speed). The majority (149 out of 165) of ßies collected in California had DNA extracted using the KingFisher method. An additional 16 samples had DNA extracted from a leg using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) following the description of Barr et al. (2012) .
PCR was performed on DNA extractions using the primer pair L1-DCHIM (5Ј-TCGCCTAAACTTC AGCCATT-3Ј) and PAT-K508 (5Ј-TCCAATGCAC TAATCTGCCATATTA-3Ј) located in the two tRNA genes adjacent to the COI gene (Supp Fig. 1 [online only]). Reactions were performed in 25 l volumes containing 1 l of template (or water), 2.5 l of 10ϫ buffer (Takara Bio Inc., Kyoto, Japan), 2 l of dNTP (2.5 mM each, Takara Bio Inc.), 0.125 l of Ex TaqHS DNA polymerase (5U/l, Takara Bio Inc.), 1 l of primer L1-DCHIM (10 M in 1ϫTrisÐEDTA [TE] ), 1 l of primer PAT-K508 (10 M in 1ϫ TE), and 17.375 l of sterile water. AmpliÞcations were performed in Applied Biosystems GeneAmp PCR system 9700. Cycling conditions for ampliÞcation were 3 min at 94ЊC followed by 39 cycles of 20 s at 94ЊC, 20 s at 53ЊC, 30 s at 72ЊC, and an extension of 5 min at 72ЊC. PCR products were visualized using either Gel Red (Biotium, Hayward, CA) ßuorescent dye at 2/10,000ϫ and loaded on 1% general purpose agarose gels or by loading onto gels prestained with ethidium bromide. The size of products was compared with TriDye 100-bp ladder (New England Biolabs, Beverly, MA). The Gel Doc-It imaging system (Hercules, CA) was used to document results. PCR products were puriÞed with ExoSAP-IT (USB Corp., Cleveland, OH) before DNA sequencing.
The two PCR primers and two additional internal primers (HCO-2198 [5Ј-TAAACTTCAGGGTGAC CAAAAAATCA-3Ј] and HCO-2198RC [5Ј-TGATT TTTTGGTCACCCTGAAGTTTA-3Ј]) were used to sequence a 1,500-bp fragment of the gene (Supp Fig.  1 [online only]). Sequencing was performed using three BigDye-labeled dideoxynucleotide triphosphates (v3.1 dye terminators, Applied Biosystems, Foster City, CA) and run on an ABI 3730XL DNA analyzer at the Huck InstituteÕs Nucleic Acid Facility (Pennsylvania State University). All sequences were edited and assembled into contigs using the program Sequencher v5 (Genecodes, Ann Arbor, MI), aligned using MEGA5.1 (Tamura et al. 2011) , and evaluated for pseudogenes as described by Barr et al. (2012) .
Analysis of Sequence Data. The unique haplotypes from the aligned sequences were identiÞed using DNAsp v5.10 (Librado and Rozas 2009) and MEGA5. The similarity of unique haplotypes was evaluated using networks in TCS 1.21 (Clement et al. 2000) and pair-wise divergences in MEGA5. The haplotype fre- Each site (population) is coded from 1 to 36 and associated with a map identiÞcation (map ID), latitude and longitude values, number of DNA sequences generated (N) from the 30 ßies per location, and the C1500 haplotypes observed at the site.
quencies were compared across populations and islands to estimate levels of population structure (reproductive isolation) in Hawaii. Haplotypes sampled from California captures were compared with Hawaiian haplotypes using the same methods.
The haplotype data set was analyzed as three different partitions to compare information content of the 5Ј and 3Ј fragments relative to the entire PCR product. These comparisons were performed in silico. Genetic divergence values were calculated for the entire 1500-bp data set (called C1500 marker), for a 684-bp segment located at the 5Ј end (called C5p684bp; aka the "barcode region" of COI), and for a 790-bp segment located at the 3Ј end of the gene (called C3p790). These three estimates were calculated to evaluate whether the entire 1500-bp region is required to provide adequate resolution for estimating Hawaiian diversity and pathway analysis. The generation of DNA sequences using the C1500 marker can be expensive because of the need to perform four independent sequencing reactions. If a shorter fragment of the COI gene could provide sufÞcient information for analysis of populations, then modiÞed COI protocols could lower the cost of DNA sequencing substantially.
Statistical analysis using analysis of molecular variance (AMOVA) as included in the program GenAlEx (Peakall and Smouse 2006) was performed to test for structure among islands and within islands. Haplotype networks were generated using the unique haplotypes estimated using TCS (Clement et al. 2000) for each of the three COI segments: C1500, C5p684, and C3p790. Haplotype saturation curves (rarefaction curves) were generated for the Hawaiian data set based on individual (i.e., single sample) and sample-based methods available in EstimateS 9.0 (Colwell et al. 2012) . Sample order was randomized using 100 runs in EstimateS. Tests of neutrality were performed using TajimaÕsD as implemented in DnaSP v5.10.
Mapping Procedures. All sample location data with latitude and longitude coordinates were imported into ArcGIS 10.1 software (Environmental ScientiÞc Research Institute, Redlands, CA). Hawaiian sample locations were maintained in the geographic coordinate system WGS84. California detection data were projected into the North American Datum 1983 California Teale Albers projection to handle the statewide data. For the visualization of the haplotype classiÞcation displayed with each symbol, marker symbols from the sample locations were "dispersed" around their actual location to avoid overlapping symbols. The cartographic reÞnement tool "disperse markers" was used to randomly disperse the points around the actual location. These maps do not represent the actual location of the ßy detection. Distance buffers of 5 km and 15 km were created around each of the California detections to indicate possible population clusters using the work of Froerer et al. (2010) as an estimate for dispersal potential.
Results
Hawaiian Haplotypes. PCR products generated for the C1500 marker were consistent with the expected size of 1585 bp (including primers) based on the B. dorsalis mitochondrial genome (DQ917577). Sequencing of six Kauai populations (sites 31Ð36; Table  1 ) using the PCR primers generated poor quality sequences. PCR was repeated for these samples targeting shorter fragments of COI using primers L1-DCHIM and HCO-2198 as a set for the 5Ј end and primers HCO-2198RC and PAT-H508 as the set for the 3Ј end. These sequences were concatenated with the HCO primer regions reported as missing data in between the fragments. These missing nucleotide sites were not variable in other COI sequences generated in the study.
Of the 1,061 Hawaiian ßies tested, 932 generated good quality DNA sequences without high background peaks or evidence of heteroplasmy or multiple copies. Thirty-three unique haplotypes were observed among these 932 sequences. Two haplotypes comprised 96.5% (899 sequences) of the ßies: C1500-H01 (63.2%) and C1500-H02 (33.3%). These haplotypes are present in all 36 sampled collection sites at similar frequencies (Supp Fig. 2 [online only] ). The other 31 haplotypes (3.5% of ßies) were very similar to one of these two major haplotypes based on network analysis (Fig. 1) . These rarer haplotypes were named C1500-H3 to C1500-H33. Thirty-one of these haplotypes were only one mutational step from the predominant haplotypes C1500-H01 and C1500-H02. The two exceptions (haplotypes C1500-H21 and C1500-H22) were separated from a predominant haplotype by two steps.
Of the 36 collection sites, 25 had at least one of these rare haplotypes. Twenty-nine of the rare haplotypes were sampled only once in the study. The other two (C1500-H06 and C1500-H24) were sampled twice. The C1500-H06 haplotype was sampled from two individuals in Oahu (sites 1 and 5). The C1500-H24 haplotype was sampled from two ßies collected at a Kauai site (site 30). There are 34 segregating sites in the C1500 alignment of which 15 (44%) introduce nonsynonymous changes. Fourteen of the sampled haplotypes include nonsynonymous substitutions: H03-H05, H12, H14-H15, H19-H21, H24, H26, H28, H31, and H33. There is no evidence of gaps or premature stops in the aligned sequences. To conÞrm the observed substitutions in our data set, the PCR and sequencing steps were repeated for a representative of each unique haplotype. No evidence of artifacts was observed in these results. All 33 haplotype sequences were submitted to GenBank (KF801366 ÐKF801398).
To determine if the genetic diversity of the Hawaiian Islands was adequately sampled, rarefaction curves were generated for the COI data set. The curve did not generate evidence of an asymptote suggesting that not all haplotypes have been sampled in the study for the Hawaiian Islands (Supp Fig. 3 [online only] ). TajimaÕs test of neutrality of the 932 Hawaiian sequences resulted in a nonsigniÞcant negative D (Ϫ1.53921; P Ͼ 0.05). Nucleotide diversity (0.00128) was lower than the estimated theta (0.00321) based on segregating sites.
Population Structure Among Hawaiian Collections. When haplotype frequencies for the 36 collection sites were mapped according to three categories: C1500-H01, C1500-H02, and C1500-other (i.e., H03-H33), there is no noticeable structure among sites or islands (Fig. 2) . According to collection site, the frequencies of C1500-H01 ranged from 48 to 87% and C1500-H02 ranged from 12 to 52% (Supp Fig. 2 [online only]). The rare haplotypes typically comprised 0 Ð7% of the samples per site. The two exceptions to this observation were sites 19 and 23 in Maui that had rare haplotypes comprising 10 and 14% of the samples, respectively.
Results of AMOVA analysis using all 33 haplotypes did not detect structure among islands (P ϭ 0.10) or among populations on islands (P ϭ 0.15). The majority of variation in the data were within populations (99%, Supp Fig. 4 [online only] ). Several pairwise comparisons among collection sites did result in statistical differences (P Ͻ 0.05) because of the presence of several rare haplotypes, but these results did not suggest any higher level structure.
Comparison With California Haplotypes. Of the 165 tested California captures, 137 (83%) generated good-quality DNA sequences using the C1500 protocol. The other 28 ßies either failed to generate data (17 of 165) or resulted in sequences with evidence of multiple COI copies (11 of 165). These 28 ßies (17%) were recorded as "no data" in the study. Nearly all ßies generated sufÞcient sequence information to analyze the entire C1500 marker fragment (Supp Table 1 [online only]). The one exception (CDFA voucher 08A858) only generated useable sequence data for the 5Ј end of the marker.
In total, 41 haplotypes were sampled from the California material. Of these, only four were previously sampled from Hawaii: C1500-H01, -H02, -H25, and -H30. The other 37 unique haplotypes were named C1500-X101 to C1500-X137 and submitted to GenBank (KF801399 ÐKF801435). The most frequently sampled haplotypes in California were C1500-H01 (47 individuals, 34% of the sequences), C1500-X109 (20 individuals, 15% of the sequences), and C1500-H02 (19 individuals, 14% of the sequences). The other haplotypes were sampled from fewer than Þve ßies. Of the 41 haplotypes, 31 are sampled from singletons in the collection, which suggests independent invasions. The aligned 41 haplotypes included no gaps and premature stop codons. In contrast to the Hawaiian data set of 33 haplotypes, the California data set of 41 haplotypes had a low (Ͻ2%) nonsynonymous substitutions rate (2 nonsynonymous changes out of 105 segregating sites).
Based on a haplotype network ( Fig. 1 ) and uncorrected (p-) genetic distance estimates, the majority of haplotypes documented in California differ from the Hawaiian haplotypes by Ͼ12 mutational steps and Ͼ0.8% divergence. One exception is haplotype C1500-X119, which is one mutational step from the dominant Hawaiian haplotype C1500-H01. The other exception is haplotype C1500-X101, which is six mutational steps (0.4% divergence) from C1500-H01.
Sixty-eight of the ßies captured in California have haplotypes previously sampled from Hawaii. Based on the available data, Hawaii cannot be excluded as a source of these ßies. Because rarefaction curves do not provide evidence of complete haplotype sampling in Hawaii for our study, genetic variation (i.e., distances) between haplotypes must be used to determine if haplotypes sampled from California are inconsistent with a Hawaiian source hypothesis. Based on the haplotype network (Fig. 1) , variation is greater in the collection from California than it is in the collection from Hawaii. There are never more than two mutations separating a rare Hawaiian haplotype from one of the two dominant Hawaiian haplotypes. Distance estimates generated for pairwise comparisons between the predominant Hawaiian haplotypes (C1500-H01 and -H02) and the unique haplotypes from Hawaii and California are reported in Fig. 3 . Comparisons among the 33 Hawaiian haplotypes are always Յ0.3%. We use this value as a threshold to determine if a haplotype sampled in California is not consistent with a Hawaiian haplotype. To be conservative, a Hawaiian source hypothesis is only excluded when the sampled haplotype is Ͼ0.3% divergent from both of the two dominant Hawaiian haplotypes (C1500-H01 and -H02).
Otherwise, the Hawaiian source hypothesis cannot be excluded.
Using this method, Hawaii cannot be excluded as a source of the C1500-X119 haplotype but can be excluded for the C1500-X101 haplotype. Therefore, the C1500 marker data set can exclude Hawaii as the source for 68 of the ßies captured in California but cannot exclude Hawaii as the source for 69 of the captured ßies (Supp Table 5 [online only]).
The haplotypes sampled from Hawaii and California captures in our study were compared with COI sequences available on GenBank. Several studies have compared COI variation in Asian collections using a 500-bp fragment of COI from the 3Ј end of the gene (within the C3p790 marker, see in silico results below for details): AY612303Ð325; DQ06280 Ð304; DQ100468, DQ100470 Ð 471 (Shi et al. 2005) ; DQ822838 Ð 880 (Liu et al. 2007 ); GQ414975Ð988 (Shi et al. 2010 ); JQ037859 Ð 89 (Shi et al. 2012) ; and JN643923Ð 644053 (Wan et al. 2012) . Comparison of these COI GenBank sequences to our Hawaiian database suggest that variation is much greater in Asia than in Hawaii and that the C1500-H01 and -H02 "Hawaiian" genotypes are not predominant or even common in Asia. Wan et al. (2012) also reported high genetic variation (217 unique haplotypes in 552 ßies) and no shared haplotypes between Honolulu and Asian populations. (Fig. 4) and the Los Angeles Basin area (Fig. 5) . For both regions, a Hawaiian source hypothesis alone cannot explain the observed diversity. When the results are sorted by county and year (Supp Table 2 [online only]), the Los Angeles County (Los Angeles Basin) has the largest number of captures (82 of 165 ßies) followed by Orange County (Los Angeles Basin; 32 of 165) and then Santa Clara County (Bay Area; 16 of 165). These three counties had ßy detections over four or more consecutive years. All counties had sampled Fig. 3 . Pairwise divergence estimates between the predominant Hawaiian haplotypes and other unique haplotypes sampled in Hawaii and California for the C1500 marker. The graph shows that the Hawaiian haplotypes are only 0.1% divergent from H1 or H2. Two haplotypes from Hawaii can be up to 0.3% divergent because of variation between H1 and H2 types. The California ßy with a haplotype (X101) similar to Hawaiian types was still Ͼ0.3% divergent. haplotypes both consistent and inconsistent with a Hawaiian source. There was no obvious pattern regarding source for a county over time. For example, from 2008 to 2010, 38 ßies from LA County were not consistent with a Hawaiian source, while only three ßies were consistent with the Hawaiian source. In contrast, from 2011 to 2012, six ßies in the LA County were not consistent with a Hawaiian source and 19 ßies were consistent with a Hawaiian source. The presence of these haplotype categories is dynamic in space and time.
Because the distinction of populations based on counties or other political boundaries may not accurately represent ßy populations, the captures were also assigned to populations based on dispersal potential (Fig. 6) . When the source-exclusion results were charted for populations over time, we did not observe a strong trend or pattern of spatial or temporal association with the data (Fig. 7) with the exception of a large proportion of ßies with the "exclude Hawaii" type in 2009.
Our approach to classifying haplotypes for the source estimation method (i.e., either exclude Hawaii or does not exclude Hawaii) does not accurately describe the genetic variation within those two categories. The samples classiÞed as "exclude Hawaii" represent 36 haplotypes that are more genetically diverse than haplotypes from Hawaii. Therefore, charting the exclusion results does not demonstrate the true diversity of the samples. When haplotypes (rather than exclusion data) are charted according to the populations (as deÞned in Fig. 6 ), even greater variation over space and time is observed (Supp Fig. 5 
[online only]).
Comparison of Data Partitions in Silico. To evaluate if either the 5Ј end (C5p684 marker) or 3Ј end (C3p790 marker) could provide similar results to the C1500 marker, we repeated our diversity and sourceestimation calculations for the ßies collected in Hawaii and California using partitions of the C1500 data set. As expected, the total number of haplotypes (K) is reduced by limiting our analysis to these shorter fragments ( Table 2 ). The use of the C5p684 or C3p790 fragments results in 20 and 16 haplotypes, respectively (see Supp Table 3 [online only] for haplotype codes). The two predominant haplotypes (C1500-H01 and -H02) are still distinguishable using these shorter fragments. These are recognized in the partitions, respectively, as C5p01 and C5p02 for the 5Ј marker, and as C3p01 and C3p 02 for the 3Ј marker. The frequency of the C5p01 (64.1%) and C3p01 (64.5%) haplotypes are similar to the frequency of the C1500-H01 haplotype (63.2%). Likewise, the C5p02 (33.8%), C3p02 (34%) and C1500-H02 (33.3%) haplotypes share similar frequencies.
Pair-wise genetic diversity estimates demonstrate that the 0.3% threshold developed for C1500 is applicable to the C3p790 marker (Supp Fig. 6 [online only] ). Haplotype networks for the two markers are provided in Supp Fig. 7 (online only). To facilitate comparison, a key matching these haplotypes to the C1500 haplotypes is given in Supp Table 3 (online only). Although the C5p684 marker can identify a greater number of haplotypes (K) within the Hawaiian population, these haplotypes do not enhance diagnostic resolution for the current samples and hypothesis testing. The C3p790 region retains as much genetic diversity as C5p684 based on genetic distances (i.e., range 0.1Ð0.6% and mean 0.4% for both fragments).
Discussion
Genetic Variation of the Oriental Fruit Fly Using the COI Gene. In our study, we report on the population genetics of oriental fruit ßies from four Hawaiian Islands. Based on genetic diversity estimates of the mitochondrial COI gene, there is no evidence of spatial structuring among islands or among regions of islands. The vast majority (96.5%) of ßies sampled from the islands have either the C1500-H01 or C1500 Ð H02 haplotype. These haplotypes differ by only four synonymous mutations. An additional 31, low-frequency haplotypes were sampled from the Hawaiian Islands. These sampled haplotypes have an unexpectedly high nonsynonymous substitution rate (44%). The reason for this observation is not known. The presence of many infrequent haplotypes in our Hawaiian samples suggests that we have not sampled all the haplotypes present on the islands. Our sample sizes were large and enabled estimation of haplotype frequencies as recommended (Pons and Petit 1995 and Muirhead et al. 2008 ) but we expect continued sampling of the islands to result in additional haplotypes based on rarefaction curves (Pilot et al. 2010 , Panova et al. 2011 , Colwell et al. 2012 ). However, our data do suggest that any newly sampled haplotypes from Hawaii should be genetically very similar to the previously sampled haplotypes. Consequently, to conclude that a haplotype is not consistent with genetic diversity of Hawaii, the genetic divergence (distance) must be considered.
There are never more than two mutational steps separating a rare Hawaiian C1500 haplotype from one of the predominant Hawaiian haplotypes. In fact, the majority of haplotypes are separated by just a single mutational step. Consequently, we should expect yetto-be-sampled haplotypes in Hawaii to follow this pattern. The length of an aligned sequence can affect the number of total mutations observed, so it is also useful to evaluate the percentage of genetic divergence between sequences. As expected, separation between Hawaiian haplotypes and either the C1500-H01 or -H02 haplotype is only 0.1%. This was observed for the C5p684 and C3p790 markers as well.
Diagnostic Utility for Source Estimation and Pathways Into California. Our results demonstrate that the COI gene should be useful for determining if Hawaii is a possible source of ßy captures in California (i.e., Hawaiian population contributed mitochondrial DNA to ßy captures) because of the low genetic diversity on the islands. Low diversity on Hawaii, however, is not sufÞcient for demonstrating utility of the molecular marker. To be useful, non-Hawaiian sources should have haplotypes distinct from Hawaii to enable discrimination. Previous studies have shown that COI genetic diversity is high in Asia and that the Hawaiian haplotypes (using the 3Ј end of the COI gene) are not common in Asian collections (Shi et al. 2012 , Wan et al. 2012 . This is evidence that the COI gene is diagnostically informative for Hawaiian source evaluations.
As B. dorsalis evolved in Asia, it is likely that the C1500-H01 and C1500-H02 haplotypes are present in Asia. For this reason it is not technically appropriate to diagnose haplotypes C1500-H01 or -H02 as a Hawaiian source. Flies trapped outside of Hawaii with these haplotypes only indicate that Hawaii is a possible source (i.e., cannot exclude a Hawaiian source). If the frequencies of these Hawaiian haplotypes are properly estimated for non-Hawaiian populations, then it should be possible to assign a probability to sampling either C1500-H01 or -H02 from other countries. That information is not yet available.
Given all available information, it is possible to determine if Hawaii is not the direct source of a ßy captured in California (i.e., the maternal source of the trapped ßy did not originate in Hawaii). We diagnose C1500 haplotypes with Ͼ0.3% divergence from both of the two predominant Hawaiian types as not Hawaiian: "exclude Hawaii as a source." Otherwise the source of the ßy is not known (i.e., cannot exclude Hawaii as a source). Application of this approach to all oriental fruit ßy captures in California made between 2008 and 2012 demonstrates that nearly half of the ßies did not originate from Hawaii. These non-Hawaiian ßies were sampled from both the Bay Area and Los Angeles Basin and in each year. The genetic diversity of the ßies within California is higher than that measured for Hawaii. Consequently, a simple model of reintroduction into California from Hawaiian sources cannot explain the observed data. Previous studies on the light brown apple moth in California revealed a similar pattern: genetic diversity within Hawaii was too low to explain the genetic types sampled from California (Rubinoff et al. 2011 , Tooman et al. 2011 .
Based on data partitioning, shorter fragments of the COI gene can provide the same resolution as the C1500 marker. For example, a 790-bp fragment at the 3Ј end of the COI marker performed as well as the entire 1500-bp segment for diagnosis. This fragment, called C3p790, is especially useful because it covers the region of COI previously used in population genetic studies of the species in Asia (Shi et al. 2012 , Wan et al. 2012 . For these reasons, USDA-APHIS is developing this fragment into a standard protocol for fruit ßy analysis.
Implications for an Established Population Hypothesis in California. Papadopoulos et al. (2013) recently proposed that the oriental fruit ßy is established in California. That publication did not test this hypothesis using genetic information. Our results are the Þrst record of oriental fruit ßy genotypes sampled from California over time. In the Papadopoulos et al. (2013) study, the authors suggest that detecting the same genotype from a location over time is consistent with an established population. For example, they summarize restriction fragment length polymorphism information reported by the California Department of Food and Agriculture for the Mediterranean fruit ßy, C. capitata, in California that shows a predominance of one genotype in particular areas over time. This was not observed for our oriental fruit ßy data in California, but was observed for Oahu where the species is established.
It is important to note that recurrent sampling of a genetic type does not prove establishment. For example, the predominant C. capitata genotype detected in California is also present in Central America and parts of Africa and the Mediterranean region (B.A. McPheron, personal communication) and reintroduction from these regions could also explain the result.
We detected a large number of haplotypes (41) from oriental fruit ßies collected in California from 2008 to 2012. The majority (36 of 41) of these are non-Hawaiian haplotypes and occur in half of the genotyped samples. These haplotypes were not detected from particular regions (counties) of California over time. The common Hawaiian haplotypes (C1500-H01 and -H02) were detected over time in California, but were not consistently found at a single locale.
In addition to comparing haplotypes over time based on political boundaries (counties or cities), spatial clustering of ßy captures were estimated to deÞne biological populations. These data show evidence for genotypic variation in locations over time and no geographic pattern of genotypes in support of an established oriental fruit ßy population. The mitochondrial data set alone cannot deÞnitively reject (or prove) the hypothesis of an established ßy population in California, but is contrary to the expectations for an established population as reported by Papadopoulos et al. (2013) . Additional unlinked loci may help to further resolve this question.
In conclusion, our mitochondrial DNA data suggest that incursions in California are dynamic and there is no evidence of a single source for either the Los Angeles Basin or Bay Area of California. The data are consistent with models of reintroduction after ßy eradication within California.
